Regulation of miRNA (microRNA) biogenesis shapes the profiles of miRNAs in the living cell, contributing to cell identity and function. Importantly, aberrant miRNA levels have been linked to a variety of human pathological states. In recent years, a number of proteins have been shown to regulate the miRNA biogenesis at the level of Drosha and Dicer cleavage. A large proportion of these factors regulate miRNA production through binding to the TL (terminal loop) regions of miRNA progenitors. In the present paper, we review the current knowledge about pri-miRNA (primary miRNA) and pre-miRNA (precursor miRNA) TL involvement in the regulation of miRNA biogenesis.
Introduction
miRNAs (microRNAs) comprise a large family of short (21-23 nt) non-coding RNAs that control a variety of biological processes by regulating gene expression at the post-transcriptional level [1] [2] [3] [4] . Mature miRNAs are excised from primary transcripts [pri-miRNA (primary miRNA)] by sequential nuclear and cytoplasmic processing reactions [5, 6] . In the nucleus, a microprocessor complex, containing the RNase III Drosha [7] and its RNAbinding partner DGCR8 (DiGeorge syndrome critical region 8) [8] [9] [10] [11] , generates stem-loop precursors [premiRNA (precursor-miRNA)] which are exported to the cytoplasm by Exportin 5 [12, 13] . In the cytoplasm, the RNase III Dicer cuts off the pre-miRNA TL (terminal loop) leaving an miRNA duplex [4, 14] . Next, one strand of this duplex is incorporated into a RISC (RNA-silencing complex) [15] [16] [17] , which targets specific mRNAs and controls their expression by affecting either transcript stability or translation [18] [19] [20] .
Each cell type in the human body is characterized by a specific miRNA expression pattern. Surprisingly, in a number of cases, miRNAs from within a cluster have distinct expression patterns, differing from their cotranscribed miRNAs [21] . Moreover, various pri-miRNA sequences cloned in the same expression vectors give rise to dramatically different levels of corresponding mature miRNAs [22] . The relative processing efficiency from premiRNA to mature miRNA was shown to be in the range 95-2 % for miR-214 and miR-148 respectively. Importantly, Key words: heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1), KH-type splicing regulatory protein (KSRP), Lin28, MCP-induced protein 1 (MCPIP1), microRNA terminal loop, RNA-binding protein.
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aberrant miRNA expression is linked to a variety of human pathological states including initiation, progression and metastasis of human cancers [23] . In recent years, it has become clear that the biogenesis of miRNAs is tightly regulated both at the transcriptional and post-transcriptional levels [5, 24, 25] . Although some of the principle steps in the miRNA biogenesis have been elucidated, our understanding of how post-transcriptional processing of miRNAs is regulated remains rudimentary. We and others have shown that there are specific RNA-binding proteins that control miRNA maturation by associating with the TL regions of pri-miRNAs [26] . Other protein factors were shown to regulate miRNA processing by binding to other distinct elements of the pri-miRNAs [25] . In the present paper, we review the current knowledge about pri-miRNA TL involvement in the regulation of miRNA biogenesis.
Large pri-miRNA TLs as essential elements for miRNA biogenesis All pri-miRNAs in animals are transcribed as stem-loop structures, which are recognized and cleaved by the DGCR8-Drosha complex. Initial observations by Cullen and coworkers [27] suggested that the TLs of pri-miRNAs were important features determining both efficiency and specificity of Drosha cleavage. It was proposed that the microprocessor complex cleaves approximately two helical RNA turns into the stem, counting from the TL, to produce the pre-miRNA. Furthermore, using constructs coding for miR-30a, miR-21, miR-27a and miR-31, it was shown that human Drosha selectively cleaves pri-miRNAs bearing large TLs ( Figure 1A ). Mutations that reduced the size and also changed the sequence of the wild-type TLs significantly affected the processing efficiency of corresponding primiRNA transcripts, both in vitro and in vivo [27] . It was concluded that pri-miRNA TLs have to be at least 10 nt in length to support efficient Drosha cleavage. However, [27] . (B) TL regions of selected pri-miRNAs were shown to be dispensable for efficient Drosha cleavage [29] . (C) Pri-miRNA TL elements were shown to be platforms for binding of positive and negative miRNA biogenesis factors [31, 34, [38] [39] [40] [41] .
this hypothesis could not explain how other pri-miRNAs with much smaller TLs, which were predicted by computer algorithms and validated experimentally [28] , could be processed with high efficiency and specificity.
Pri-miRNA TLs as dispensable features in miRNA biogenesis
Another study led by Kim and co-workers provided conflicting evidence that the TL elements in pri-miRNA structures are unessential for efficient and accurate miRNA biogenesis [29] . It was demonstrated that the presence of ssRNA (single-stranded RNA) regions surrounding the doublestranded pri-miRNA stem-loop structure is responsible for binding of the DGCR8-Drosha complex, with Drosha cleavage occurring 11 bp from the ssRNA-dsRNA (doublestranded RNA) junction. Importantly, extensive analysis of pri-miR-16-1 proved that its TL element was largely dispensable for efficient and accurate miR-16 biogenesis [29] ( Figure 1B) . The same conclusions were reached for the processing of pri-miR-31 and pri-miR-23a. Interestingly, the authors noted that both Drosha cleavage and DGCR8 binding were somewhat inhibited in a pri-miR-16-1 mutant harbouring a small TL. This implied that the presence of a large TL element could be beneficial to some extent.
Pri-miRNA TL elements as platforms binding positive and negative miRNA biogenesis factors
We have established that the multifunctional RNA-binding protein hnRNP A1 (heterogeneous nuclear ribonucleoprotein A1) is required for processing of miR-18a at the nuclear step of Drosha cleavage [30] . This suggested a previously uncharacterized role for general RNA-binding proteins as auxiliary factors that facilitate the biogenesis of specific miRNAs. Subsequently, we showed that hnRNP A1 regulates the processing of pri-miR-18a by binding to its TL element and reshaping its stem-loop structure, thus allowing for more effective Drosha cleavage [31] ( Figure 1C and Table 1 ). Importantly, hnRNP A1 binding to pri-miR-18a was linked with an unusual phylogenetic sequence conservation of its TL sequence. By performing a bioinformatic screen and selected mutational analysis, we demonstrated that 14 % of all pri-miRNAs have highly conserved TLs across vertebrate species. We hypothesized that pri-miRNA TL elements could act as landing pads for transacting factors regulating miRNA processing. Such a hypothesis could explain the conflicting data about the importance of the TL elements in pri-miRNA processing. When a given pri-miRNA does not require additional protein factors for its efficient and accurate cleavage, the TL element could be dispensable. Whereas, in the case of a pri-miRNA that requires additional factors in order to fine tune its features for efficient and accurate processing, the TL could be an important and necessary element that binds miRNA biogenesis factors. Following this discovery, several groups presented evidence for miRNA biogenesis factors that specifically bind primiRNA TL regions and enhance or inhibit the biogenesis of corresponding miRNAs ( Figure 1C and Table 1 ).
It was shown that in the first stages of embryonic development, as well as in undifferentiated cells, mature let-7 miRNAs are absent, despite high levels of pri-let-7 transcripts [32] . It has been demonstrated that Lin28 proteins (Lin28a and Lin28b), whose levels are much higher in the early stages of embryonic development and in undifferentiated cells, prevent pri-let-7 processing at the level of Drosha [33] as well as Dicer cleavage [32] . Throughout development and differentiation the levels of the Lin28 proteins are reduced causing derepression of let-7 biogenesis. Importantly, it has been shown that Lin28a binds to the pri-let-7 transcripts via conserved TL elements [34] , which induces 3 -terminal uridylation of pre-let-7 through recruitment of the TUT4 (terminal uridylyltransferase 4) polymerase [34] [35] [36] .
3 -Terminal uridylation prevents efficient cutting of pre-let-7 by Dicer, which in turn leads to active degradation of the transcript [35] . Recently, it has been demonstrated that Lin28b functions in the nucleus by sequestering primary let-7 transcripts and inhibiting their processing by the microprocessor [37] . Another recent study found that the muscle-specific pre-miR-1 is also regulated by Lin28, causing pre-miR-1 uridylation by TUT4, which blocks Dicer processing [38] . Interestingly, the authors demonstrated that the RNA-binding protein MBNL1 competes with Lin28 by binding to an UGC motif located within the TL region of the pre-miR-1. Hence, decreased levels of MBNL1 lead to lower levels of mature miR-1, through a Lin28-dependent mechanism.
A study led by Rosenfeld and co-workers established that the KSRP (KH-type splicing regulatory protein) is a component of both Drosha and Dicer complexes and regulates the processing of a subset of miRNAs, including let-7 [39] , by binding to the TL regions of target miRNA progenitors and promoting their maturation. It was shown that KSRP binds the pri-let-7 TL through conserved short G-rich stretches. Interestingly, we confirmed that the same sequence in a TL of the pri-let-7a-1 transcript efficiently interacts with the hnRNP A1 protein [40] . We observed that hnRNP A1 is a negative regulator of let-7a biogenesis in differentiated cells, acting at the level of Drosha cleavage. On the basis of this we proposed an antagonistic function of hnRNP A1 and KSRP in the post-transcriptional regulation of let-7a in differentiated cells.
It was recently demonstrated that a ribonuclease, the mammalian immune regulator MCPIP1 [MCP (monocyte chemoattractant protein)-induced protein 1], suppresses the biogenesis of selected miRNAs through cleavage of TL elements of pre-miRNAs via its NYN (Nedd4-BP1 bacterial YacP nuclease) domain [41] . MCPIP1 thereby counteracts the cleavage and processing by the ribonuclease Dicer, causing the pre-miRNA to be degraded. miR-21, miR-26a, miR-146a and miR-155 displayed the biggest increase in their abundance upon MCPIP1 downregulation. So far it remains unclear how MCPIP1 recognizes pre-miRNAs. Importantly, MCPIP1 could not cleave pre-miRNAs without a TL region [41] , implying that it needs specific cofactors that would recognize TL elements.
Other RNA-binding proteins regulating the miRNA biogenesis
Other RNA-binding proteins have been implicated in the regulation of miRNA biogenesis; however, their precise mode of action has not yet been determined. The FXR1P (fragile X-related protein 1) protein, but not its close homologues FMRP (fragile X mental retardation protein) or FXR2P (fragile X-related protein 2), has been shown to promote the biogenesis of brain-specific miR-124 and miR-9, binding to both the pre-miRNAs and Dicer [42] . TDP-43 (TAR DNA- 
Conclusion
The discovery of miRNAs in higher organisms was a major surprise. We now understand that miRNAs are key players in the regulation of gene expression, probably controlling every aspect of the cell biology. At present, approximately 1500 miRNAs are annotated in the human genome. Each of them has the capacity to regulate several, possibly hundreds, of mRNA targets. In spite of the great effort to understand various biological roles of individual miRNAs, very little has been done to unravel the regulation of their biogenesis pathways. Importantly, deregulation of miRNA expression has been linked with a variety of human pathological conditions. Because of this, there is anticipation that, one day, miRNAs could serve as viable targets and tools for human gene therapy. Recently, to ensure that endogenous Lin28 would not block the pre-let-7g or pri-let-7g biogenesis, Daley and co-workers used a chimaeric let-7g construct in which they substituted the pri-let-7g TL region with the pri-miR-21 TL. Strikingly, the construct delivered to mouse allowed for let-7g processing despite Lin28 expression [46] . In the present paper, we have reviewed pri-miRNA TL-mediated regulation of miRNA biogenesis. It is likely that many more protein factors positively or negatively regulating the miRNA abundance will be revealed. Thus thorough understanding of the regulatory pathways of miRNA biogenesis is of utmost importance to translate the research from basic science to efficient and safe miRNAbased therapies of the future.
